Calla lily chlorotic spot virus (CCSV) isolated from central Taiwan was recently identified as a tospovirus serologically but distantly related to Watermelon silver mottle virus (WSMoV). To clarify the serological relationship between the two viruses, rabbit polyclonal antibody (PAb) to CCSV and mouse monoclonal antibodies (MAbs) to WSMoV NP or CCSV NP were produced in this investigation, using purified nucleocapsid protein (NP) as immunogens. The PAb to CCSV NP reacted stronger with the homologous antigen than with the heterologous antigen, with much lower A 405 readings in indirect enzyme-linked immunosorbent assay (ELISA) and low-intensity banding in immunoblotting. MAbs produced to CCSV NP or WSMoV NP reacted specifically with the homologous antigens but not with the heterologous antigens in both ELISA and immunoblot analyses. The CCSV S RNA was determined to be 3,172 nucleotides in length, with an inverted repeat at the 5′ and 3′ ends and two open reading frames encoding the NP and a nonstructural (NSs) protein in an ambisense arrangement. A typical 3′-terminal sequence (5′-AUUGCUCU-3′) that is shared by all members of the genus Tospovirus also is present in the CCSV S RNA. The CCSV NP and NSs protein share low amino acid identities of 20.1 to 65.1% and 19.9 to 66.1%, respectively, with those of reported tospoviruses. Phylogenetic dendrogram analysis indicates that CCSV is a distinct member in the genus Tospovirus. The results provide evidence that CCSV is a new species in the genus Tospovirus and belongs to WSMoV serogroup.
Members in the genus Tospovirus of the family Bunyaviridae have quasi-spherical, lipoprotein-enveloped particles with diameters of approximately 80 to 110 nm. Virions contain a tripartite single-stranded (ss) RNA genome denoted as L, M, and S RNAs (36) . The L RNA is of negative polarity, encoding a putative RNA-dependent RNA polymerase for virus replication (12) . Both M and S RNAs of tospoviruses contain two open reading frames (ORFs) in an ambisense organization (13, 22, 26) . The M RNA encodes a nonstructural (NSm) protein in the viral strand and membrane glycoproteins G1/G2 in the viral complementary strand. The viral strand of S RNA encodes a nonstructural (NSs) protein that forms filamentous inclusion bodies (23) and is the genesilencing suppressor responsible for pathogenicity of tospoviruses (3, 35) . The viral complementary strand of the S RNA encodes a nucleocapsid protein (NP) that encapsidates tospoviral RNAs (13, 25) .
Viruses within the genus Tospovirus must have similar virion morphology, genome organization, and a vector relationship with thrips (36) . A threshold of 90% amino acid identity of tospoviral NPs is one of the important criteria for designation to the species level (16) . Based on the serological relationships and phylogenetical analysis of NPs, the genus Tospovirus contains 16 official and tentative virus species that can be clustered into three major serogroups and four monospecies serotypes (20) . Among these, Tomato spotted wilt virus (TSWV) (1) and Watermelon silver mottle virus (WSMoV) (38) are the typical representatives of TSWV and WSMoV serogroups, respectively. The NPs of Tomato chlorotic spot virus (TCSV) (10) , Groundnut ringspot virus (GRSV) (30) , Chrysanthemum stem necrosis virus (CSNV) (2) , and Zucchini lethal chlorosis virus (ZLCV) (2) are serologically related to TSWV and they are classified as distinct species within the TSWV serogroup. The NPs of Peanut bud necrosis virus (PBNV) (31, 34) , Watermelon bud necrosis virus (WBNV) (19) , and Capsicum chlorosis virus (CaCV) (27) have serological relationships with WSMoV and are classified as distinct species within the WSMoV serogroup. Because of the high degree of amino acid identity (74.6%) between the unpublished Tomato yellow fruit ring virus (TYFRV) (AJ493270) and Iris yellow spot virus (IYSV) (7) , both are predicted to be grouped in the IYSV serogroup (20) . The NPs of Impatiens necrotic spot virus (INSV) (24) , Peanut yellow spot virus (PYSV) (33) , Peanut chlorotic fanspot virus (PCFV) (5) , and Melon yellow spot virus (MYSV) (21) have no serological relationships among themselves or with any other tospoviruses; therefore, they are classified as monospecies serotypes (5, 20) . Physalis severe mottle virus (PSMV) shares an identical amino acid identity of NP with that of MYSV and is considered the same species or an isolate of MYSV (20) .
In 2000, a tospovirus-like virus causing chlorotic spots on leaves and stems of calla lilies was isolated from central Taiwan and later named Calla lily chlorotic spot virus (CCSV). When WSMoV NP antiserum was used to react with the CCSV-infected samples, it was found that CCSV is serologically but distantly related to WSMoV (4) . Based on the host range, thrips specificity, and the preliminary results of serological tests, CCSV was considered a new tospovirus species (4) .
To clarify the serological relationship between WSMoV NP and CCSV NP, the rabbit polyclonal antibody (PAb) to CCSV NP and mouse monoclonal antibodies (MAbs) to CCSV NP or WSMoV NP were produced in this study. Serological comparisons were conducted by indirect enzyme-linked immunosorbent assay (ELISA) and immunoblotting. The taxonomic position of CCSV was further verified by sequence analyses of genomic S RNA of CCSV. The full-length sequence of the CCSV S RNA was determined, and phylogenetic relationships of the S RNA-encoded NP and NSs protein with those of other tospoviruses were analyzed. Based on the results of the serological comparison of NPs and molecular characterization of S RNA, we confirm that CCSV is a new tospovirus species and show that it belongs to the WSMoV serogroup.
MATERIALS AND METHODS
Virus sources. CCSV was isolated from naturally infected calla lilies with chlorotic spots collected at Pei-tou, Changhua County in central Taiwan (4) . The isolate of WSMoV used for comparison was collected from watermelon in Taiwan (40) . TSWV isolated from tomato in New York (TSWV-NY) was provided by R. Provvidenti, New York State Experiment Station, Geneva. INSV collected from impatiens in the United States (INSV-M) was provided by J. Moyer, North Carolina University, Raleigh (24) . All viruses were maintained in a systemically infected host, Nicotiana benthamiana Domin., and a local lesion host, Chenopodium quinoa Willd., by mechanical transmission.
Purification of NPs and production of PAb to CCSV NP. Leaves of the local lesion host C. quinoa were collected 3 to 4 days after inoculation with individual isolates of CCSV, WSMoV, TSWV, and INSV and used for the purification of viral nucleocapsids according to published methods (5) . The NPs were dissociated from the purified nucleocapsids and subjected to preparative polyacrylamide slab-gel electrophoresis as previously described (39) . New Zealand white rabbits were immunized with purified CCSV NP. One milligram of purified NP in 1 ml of phosphate-buffered saline (PBS) was emulsified with an equal volume of complete Freund's adjuvant (CFA) (Difco Laboratories, BD, Franklin Lakes, NJ) for the first subcutaneous injection. Subsequently, 1 week later, the NP (1 mg in 1 ml of PBS), emulsified with an equal volume of incomplete Freund's adjuvant (IFA) (Difco Laboratories), was administered weekly for 3 weeks. Rabbits were bled 1 week after the fourth injection, and bled weekly thereafter.
Preparation of MAbs. Purified CCSV and WSMoV NPs were used individually to immunize mice for the production of MAbs. BALB/cByJ mice (National Experimental Animal Center, Academia Sinica, Taipei) were injected intraperitoneally on a weekly basis for 4 weeks, first with 50 µg of purified NP in 50 µl of PBS emulsified with an equal volume of CFA and then subsequently with the same dose emulsified with IFA. Mice were sacrificed 3 days after the fourth injection, their spleen harvested, and single cell suspensions prepared. Splenocytes were fused with Fox-NY myeloma cells (obtained from American Type Culture Collection, Manassas, VA) according to a published method (18) . Hybridoma cells secreting anti-NP antibodies in cell culture were screened by indirect ELISA. Selected hybridoma lines were cloned by the limiting dilution method and the MAbs produced were isotyped (18) . Antibodies were produced in ascitic fluids by injecting intraperitoneally the hybridoma cells into Pristaneprimed BALB/cByJ mice (18) . Indirect ELISA. Indirect ELISA was employed to determine the titers of the produced rabbit antisera and mouse ascitic fluids and the serological relationships between the NPs of CCSV and WSMoV (37) . ELISA plates were coated with 50-fold diluted crude extracts of CCSV-or WSMoV-infected plants of N. benthamiana in coating buffer (0.05 M sodium carbonate, pH 9.6, containing 0.02% sodium azide). The rabbit antiserum to CCSV NP was applied with twofold serial dilutions starting from a 10 -3 dilution for titration of PAb, and the alkaline phosphatase (AP)-conjugated goat anti-rabbit immunoglobulin G (IgG) (Jackson ImmunoResearch Laboratories, West Grove, PA) was used at a 2 × 10 -4 dilution as the secondary antibody. The rabbit antiserum to WSMoV NP (5) was used at a 2.5 × 10 -4 dilution. For titration of MAbs, ascitic fluids were applied with 10-fold serial dilutions starting from a 10 -3 dilution, and the AP-conjugated goat antimouse IgG (Jackson ImmunoResearch Laboratories) was used at a 2 × 10 -4 dilution as the secondary antibody. Detection was with AP substrate (Sigma 104; Sigma-Aldrich Fine Chemicals, Milwaukee, WI), and the absorbance at 405 nm (A 405 ) was recorded 30 min after the addition of the substrate using an ELx800 Universal Microplate Reader (Bio-Tek instrument, Winooski, VT).
Immunoblotting. The procedures for immunoblotting were similar to those described earlier (17) . Leaf tissues of mockinoculated and CCSV-or WSMoV-infected plants of N. benthamiana were ground (3:1, vol/wt) in dissociation buffer (100 mM Tris-HCl, pH 7.2, 2% β-mercaptoethanol, 10% sucrose, 0.005% bromophenol blue, and 10 mM EDTA). Crude antigens in extracts were boiled and electrophoretically separated. Relative molecular weights of the NPs were estimated using ProSieve Color Protein Markers (Cambrex Corporation, East Rutherford, NJ).
Reverse transcription-polymerase chain reaction, cloning, and sequencing of the S RNA. Total RNAs were extracted from fresh leaf tissues of CCSV-infected N. benthamiana, using the method established previously (29) . The strategies and primers used for reverse transcription-polymerase chain reaction (RT-PCR), cloning, and sequencing of the cDNA fragments corresponding to the S RNA of CCSV are presented in Figure 1 . Four overlapping cDNA fragments corresponding to the N gene, intergenic region, and NSs gene of the S RNA were obtained from RT-PCR. Terminal regions of CCSV S RNA were amplified by RT-PCR using genomic double-stranded (ds) RNAs extracted from infected plants of C. quinoa by a method described previously (38) . The procedure for polyadenylation of the dsRNAs followed manufacturer's protocol (Amersham Pharmacia Biotech, Buckinghamshire, England). The oligo-dT primer 18TNS and the reverse primer 398S-ter5′, designed from the known sequence of the 5′-terminal region, or the forward primer 398S-ter3′, designed from the known sequence of the 3′-terminal region, were used in RT-PCR using the polyadenylated dsRNAs (1 µg) and M-MLV reverse transcriptase (10 units) (Epicentre, Madison, WI) in a 20-µl aliquot. PCR was carried out using individual primer pair 18TNS/398S-ter5′ or 18TNS/398S-ter3′ (0.1 µM of each primer), 0.2 mM dNTPs, 0.1 µM of each primer, 1 unit of Ex Taq DNA polymerase (TaKaRa, Shiga, Japan), and 2 µl of cDNA; with a protocol of 34 cycles of 94°C, 1 min for denaturizing; 50°C, 30 s for reannealing; 72°C, 1 min for synthesis; and a final cycle at 72°C for 10 min.
All RT-PCR products were cloned into the TA cloning vector (Invitrogen, Carlsbad, CA) according to the instructions of the manufacturer. Plasmid DNAs were isolated by the mini-prep method (32) , and sequenced with an automatic DNA sequencing system (Model 3730, Perkin-Elmer Applied Biosystems, Foster City, CA).
Sequence analysis. Sequence comparison was conducted with the GAP program of the Genetics Computer Group (GCG) package (version 10.3, Genetics Computer Group, Madison, WI). The PILEUP program from the GCG package was used to create multiple sequence alignments. Distance matrices for protein se-quences were calculated from alignments based on the Dayhoff for protein PAM matrix (9), using the PROTDIST program of PHYLIP version 3.63 (Department of Genetics, University of Washington, Seattle). Phylogenetic relationships were estimated from these distances using the neighbor-joining routines. The repeatability of the branch orders obtained was estimated using the SEQBOOT program for bootstrap resampling (1,000 bootstrap reiterations) (15) . Bootstrap consensus trees were constructed using the CONSENSE program. The NEIGHBOR unrooted tree was drawn using the DRAWTREE program. Sequences for alignments were obtained from the EMBL, GenBank, and DDBJ databases under the following accession numbers: TSWV, D13926 (13); INSV, X66972 (11); PCFV, AF080526 (5); PBNV, U27809 (34); TCSV, S54325 (10); GRSV, L12048 (30); WSMoV, U78734 (41); WBNV, AF045067 (19) ; IYSV, AF001387 (7); PYSV, AF013994 (33); PSMV, AF067151 (8); CSNV, AF067068 (2); ZLCV, AF067069 (2); MYSV, AB038343 (21); CaCV, AY036058 (27) ; and TYFRV, AJ493270 (unpublished data).
Northern blot analysis. Nucleic acid hybridization was conducted to confirm the sequence of S RNA of CCSV and to analyze its relationships with other tospoviruses. dsRNAs were extracted from mock-inoculated C. quinoa or plants infected individually with TSWV, WSMoV, and CCSV according to a method published earlier (38) . The procedure for hybridization followed a method previously reported (6) . A 32 P-labeled DNA probe, corresponding to the N gene of CCSV, was synthesized according to the manufacturer's procedures by Prime-It II Random Primer Labeling Kit (Stratagene, La Jolla, CA). Autoradiography with intensifying screens (Hyperscreen, Amersham Pharmacia Biotech) was conducted at -80°C for 48 h on X-ray film (Hyperfilm MP, Amersham Biosciences, Buckinghamshire, England).
RESULTS

NPs of tospoviruses.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis estimated the size of CCSV NP as 31 kDa, similar to that of WSMoV but slightly larger than those of TSWV (29 kDa) and INSV (29 kDa) (Fig. 2) .
Rabbit antisera. The dilution endpoints of the rabbit antiserum produced to CCSV NP were 10 -4 by indirect ELISA. The antisera (Fig. 3A) . Similar results were also obtained in immunoblotting. Both rabbit antisera reacted to WSMoV and CCSV NPs with a strong reaction to the homologous antigen and a weak reaction to the heterologous antigen (Fig. 3B) . 335F9E7, 336F7F10, 341D1F4, 347F9D10, and 348G7D10) producing MAbs specific to CCSV NP were obtained and antibodies were produced in ascitic fluids from mice. All MAbs were isotyped as IgG1. Dilution endpoints of the antibodies in ascitic fluids were all found to be 10 -7 . Ascitic fluids at 10 -5 were used in subsequent serological analyses. When tested in indirect ELISA and immunoblotting, all five MAbs to WSMoV NP and all five MAbs to CCSV NP reacted specifically with the homologous antigen, but did not react with the heterologous antigen as shown in Figure 4A and B.
Mouse MAbs
Nucleotide sequence of CCSV S RNA. Four overlapping clones were selected from RT-PCR products. Their sequences covered the complete NSs and N genes of CCSV S RNA, excluding the 5′-and 3′-terminal regions. A cDNA fragment of 329 nucleotides (nts) representing the 5′-terminal end and a cDNA fragment of 486 nts representing the 3′-terminal end of S RNA were obtained by RT-PCR from polyadenylated dsRNAs (Fig. 1) .
The complete nucleotide sequence of the CCSV S RNA was assembled from the six selected clones as 3,172 nts in length. It is 256, 180, 115, 202, 67, and 339 nts longer than those reported for TSWV (13) , INSV (11), PBNV (34), PYSV (33), IYSV (7), and PCFV (5), respectively, and 362 and 85 nts shorter than those reported for WSMoV (41) and PSMV (8), respectively. The CCSV S RNA contains two ORFs and an A-U rich intergenic region, similar to those of other tospoviruses. The two ORFs are in an ambisense arrangement and encode an NSs protein in the viral strand and an NP in the viral complementary strand.
Comparison of the N and NSs genes with those of other tospoviruses. The N ORF is 831 nts in length. It encodes a predicted protein of 277 amino acids with a calculated molecular mass of 30.4 kDa. The ORF starts at nucleotide 3108 of the viral strand with an AUG start codon and terminates at nucleotide 2278 with a UAA stop codon. The nucleotide and predicted amino acid sequences of the CCSV N gene share low identities of 42.5 to 60.9% and 20.1 to 58.8%, respectively, with those of TSWV, GRSV, TCSV, INSV, IYSV, PYSV, PCFV, CSNV, ZLCV, TYFRV, MYSV, and PSMV, whereas it has relatively higher nucleotide and amino acid identities of 63.5 to 65.4% and 63.3 to 65.1%, respectively, with those of WSMoV, PBNV, CaCV, and WBNV ( Table 1 ). The phylogenetic analysis revealed that the NP relationship of CCSV is more closely related to those of PBNV, WSMoV, CaCV, and WBNV; and the latter four viruses appeared to be more closely related to each other than to CCSV (Fig. 5) .
The NSs ORF is 1,380 nts in length. It encodes a predicted protein of 460 amino acids with a molecular mass of 51.8 kDa. The coding sequence initiates at nucleotide 67 with an AUG start codon and terminates at nucleotide 1446 with a UAA stop codon. The nucleotide and predicted amino acid sequences of the CCSV NSs gene share low identities of 41.5 to 43.5% and 19.9 to 26.5%, respectively, with those of TSWV, GRSV, INSV, PYSV, and PCFV, whereas it has relatively higher nucleotide and amino acid identities of 55.5 to 64.9% and 48.4 to 66.1%, respectively, with those of PSMV, IYSV, WSMoV, and PBNV ( Table 1 ). The phylogenetic analysis of NSs proteins indicated that the NSs protein of CCSV is more closely related to those of WSMoV and PBNV, belonging to the same serogroup, than to those of other tospoviruses (Fig. 6) .
Characteristics of terminal sequences and the intergenic region. The 5′-noncoding region of the viral strand CCSV S RNA contains 66 nts, sharing 42.4 to 63.2% identities with those of TSWV, GRSV, INSV, WSMoV, PBNV, PYSV, IYSV, PCFV, and PSMV (Table 1 ). The 3′-noncoding region of the viral strand of CCSV S RNA contains 64 nts, with 43.8 to 70.3% identities to those of TSWV, GRSV, TCSV, INSV, WSMoV, PBNV, PYSV, IYSV, PCFV, PSMV, CSNV, and ZLCV ( Table 1 ). The 5′-and 3′-terminal regions of S RNA of CCSV contain an inverted complementary sequence, in which the first 19 nts are almost complementary (except 2 bases) and are able to form a stable panhandle structure, similar to those reported for other tospoviruses (13, 41) . The consensus sequence of 8 nts (5′-AUUGC-UCU-3′) found in the 3′-terminal sequences of the viral S RNAs of other tospoviruses is also present in the 3′-terminal sequence of CCSV S RNA. The 5′ end of CCSV S RNA also shares a consensus sequence of 8 nts (5′-AGAGCAAU-3′) with those of other tospoviruses.
The intergenic region of CCSV S RNA is 891 nts in length, sharing 44.7 to 53.0% identities with those of TSWV, GRSV, INSV, WSMoV, PBNV, PYSV, IYSV, PCFV, and PSMV ( Table  1) . The results of the analysis by the FOLDRNA program of GCG indicate that the A-U rich region has a potential to form hairpin structures similar to those reported for TSWV (13), INSV (11), WSMoV (41), and PBNV (34) .
Hybridization analysis for N genes. A 32 P-labeled DNA probe prepared from the N gene of CCSV was used to hybridize with the dsRNAs of CCSV, WSMoV, and TSWV. dsRNAs of CCSV, WSMoV, and TSWV were estimated by ethidium bromide staining. A strong signal was observed in the position of the ds S RNA of CCSV. A weak signal was observed when the probe was used to hybridize with the ds S RNA of WSMoV. The probe did not hybridize with the ds S RNA of TSWV (Fig. 7) .
DISCUSSION
Plants of N. benthamiana and C. quinoa are commonly used as a systemic host and a local lesion host, respectively, for maintaining tospoviruses under greenhouse conditions. Various effectors such as erratic symptom development, acute wilting, and plant growth affect virus accumulation in the systemic host N. benthamiana. In contrast, local lesions on leaves of tospovirusinfected C. quinoa developed uniformly under greenhouse conditions, and virus accumulation was found to peak 3 to 4 days after inoculation. Based on these reasons, leaves with local lesions after inoculation with WSMoV or CCSV were used for purification of their NPs in this investigation, and the results are comparable to previous studies (5) .
Serological comparison of NPs provides a basis for classification of tospoviruses. In the current study, rabbit PAb and mouse MAbs were produced for serological analyses of CCSV and WSMoV NPs. Homologous and reciprocal tests indicate that CCSV NP is serologically related but distantly from WSMoV NP. Our results show that the CCSV NP shares 63.3 to 65.1% amino acid identities with other viruses belonging to the WSMoV serogroup (Table 1) and less with other serogroups and serotypes. It is far below the 90% threshold that sets the criterion for establishing a distinct species (16) , although phylogenetic analysis indicates that CCSV is more closely related to PBNV, WSMoV, CaCV, and WBNV than to other tospoviruses. Based on serological relationships of the NPs and the phylogenetic analysis, we conclude that CCSV should be grouped with PBNV, WSMoV, CaCV, and WBNV in the WSMoV serogroup.
Rabbit PAbs and mouse MAbs are useful reagents for investigations of the worldwide distribution and emergence of tospoviruses. The serological cross reactions between WSMoV and CCSV using rabbit PAbs indicate that CCSV is distantly related to WSMoV and could falsely identify CCSV as WSMoV during early field surveys (4). The WSMoV-specific and CCSV-specific MAbs produced in the current investigation are useful to distinguish the two tospoviruses. In field surveys, CCSV was also detected by indirect ELISA from diseased melon samples in southern Taiwan including Tainan County and Chiayi County (data not shown). Mixed infections caused by CCSV and WSMoV in melon fields were also identified.
Comparison of amino acid sequences of NPs in the WSMoV serogroup revealed the presence of a highly conserved region sharing 84.7 to 88.1% identities between the positions of amino acids 146 to 204 among NPs of CCSV, WSMoV, CaCV, PBNV, and WBNV (data not shown). If MAbs were produced to the conserved region of NPs, they may be useful in differentiating all members of the WSMoV serogroup from other tospoviruses.
The NSs protein of CCSV shares 64.5 and 66.1% amino acid identities with WSMoV and PBNV, respectively, in the WSMoV serogroup, and has relatively higher identities of 48.4, 48.9, and 52.2% to those of MYSV, PSMV, and IYSV, respectively, than any other tospoviruses compared. The phylogenetic relationships of the NPs (Fig. 5) and NSs proteins (Fig. 6) suggest that there are evolutionary relationships among the WSMoV serogroup, IYSV serogroup, and MYSV serotype, and CCSV is considered an intermediate virus between the WSMoV serogroup and MYSV serotype. The NSs genes of tospoviruses may also provide a good basis for clarification of the relationships among different tospoviruses, and may have conserved sequences among viruses in the WSMoV serogroup.
The ambisense arrangement of the two ORFs in CCSV S RNA is a characteristic of tospoviruses. A terminal consensus nucleotide sequence of 8 nts has been found in the viral RNAs of every species within each genus of the family Bunyaviridae (14) . The last 8 nts (5′-AUUGCUCU-3′) at the 3′-terminal end of the CCSV Table 1 . The viruses with potential serological relationships are shadowed in the same cluster with bold species as the type member. Phylogenetic analysis was conducted using the Clustal-X and PHYLIP package version Table 1 . The viruses with potential serological relationships are shadowed in the same cluster with bold species as the type member. Phylogenetic analysis was conducted using the Clustal-X and PHYLIP package version 3.63 (by J. Felsenstein and the University of Washington, Seattle). The dendrogram was produced using the neighbor-joining algorithm with 1,000 bootstrap replicates. GRSV S RNA are identical to those of S RNAs of all reported tospoviruses, indicating that CCSV belongs to the genus Tospovirus in the family Bunyaviridae. Over all, the serological comparison and molecular characterization of CCSV in this investigation verify that CCSV is a distinct new tospovirus species and further indicate that it belongs to the WSMoV serogroup.
